INTRODUCTION
============

Adult stem cells have emerged as a promising source for stem cell-based therapies in regenerative medicine due to their self-renewal capabilities as well as their ability to differentiate into multiple cell lineages. These cells are easily isolated from various tissues, such as the bone marrow ([@b5-bt-24-260]; [@b10-bt-24-260]), the adipose tissue ([@b46-bt-24-260]; [@b45-bt-24-260]), and other sites ([@b13-bt-24-260]; [@b32-bt-24-260]) for autologous transplantation. Mesenchymal stem cells (MSCs) possess homing abilities, and can migrate toward injury sites to secrete various soluble factors such as anti-oxidant, anti-apoptotic, and pro-angiogenic cytokines ([@b12-bt-24-260]; [@b34-bt-24-260]; [@b36-bt-24-260]). Thus, MSCs can be used as a powerful resource in stem cell-based regenerative medicine.

To optimize the functions of MSCs for clinical application, various strategies have been introduced, including genetic modification, cytokine priming, or manipulation of culture conditions. However, despite several potential advantages, stem cell-based therapies show low therapeutic efficacy following engraftment in injured tissues due to poor survival and differentiation efficiency ([@b44-bt-24-260]; [@b1-bt-24-260]). It has been suggested that hypoxia and inflammation in injured sites are responsible for the high death rate of the transplanted cells ([@b21-bt-24-260]). It is known that the microenvironment can influence stem cell behaviors such as self-renewal and differentiation via intrinsic and extrinsic signals ([@b6-bt-24-260]). Generally, MSCs for transplantation are prepared by traditional two-dimensional (2D) culture and dissociative grafting. However, following several *in vitro* passages, MSCs prepared by this technique lack sufficient protection against ischemic conditions. The harsh microenvironment leads to a reduction in their replicative ability, colony-forming efficiency, and survival signaling, which results in replicative senescence, loss of self-renewal, and low differentiation capacity ([@b2-bt-24-260]; [@b28-bt-24-260]). In addition, cells are exposed to harsh proteolytic enzyme treatments when they are harvested from the 2D monolayer culture. This process impedes cell-extracellular matrix interaction, and is partially responsible for the low engraftment of stem cells *in vivo* ([@b38-bt-24-260]).

To overcome the limitations of the 2D monolayer culture system, development of three-dimensional (3D) cell culture system has become an important topic in stem cell research. The 3D arrangement of cells increases cell-to-cell interactions, and can better mimic the *in vivo* microenvironment, as compared with 2D cultures ([@b20-bt-24-260]). Mild hypoxic precondition is also established in the inner core of spheroid. This preconditioning induces the cell resistance to hypoxic conditions in the ischemic tissues. In addition, 3D spheroid culture improves ECM organization, production of various growth factors, and gene expression profiles ([@b8-bt-24-260]; [@b43-bt-24-260]; [@b41-bt-24-260]).

Research has suggested that the 3D spheroid structure can augment MSC bioactivities and therapeutic efficiency, but the fundamental mechanism underlying the effects of spheroid culture is not well understood, particularly the alterations to cell signal transduction and expression of cytokines and growth factors. In this study, we developed 3D spheroids of adipose-derived MSCs in an attempt to understand the production of cytokines and growth factors, production of ECM components, and cell survival signal cascades in these cells. Moreover, we investigated the proliferative and survival potential of MSC spheroids in a murine hindlimb ischemia model.

MATERIALS AND METHODS
=====================

Cell cultures
-------------

Human adipose-derived MSCs were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). They were pathogen and mycoplasma free. The supplier certified that the MSCs expressed cell surface markers (CD73 and CD105, but not CD31), and have adipogenic and osteogenic differentiation potential when cultured with specific differentiation media. MSCs were cultured in alpha-minimum essential medium (Gibco BRL, Gaithersburg, MD, USA) supplemented with 10% (v/v) fetal bovine serum (Gibco BRL), 100 U/ml of penicillin, and 100 μg/ml streptomycin. Cells were placed in a humidified incubator at 37°C and 5% CO~2~.

Generation of MSC spheroids
---------------------------

To generate spheroids, MSCs were cultured in suspension using Ultra-low attachment 6 well plates (Sigma, St. Louis, MO, USA). Cells were cultured in MSC growth media, and placed in a humidified incubator at 37°C and 5% CO~2~. Spheroids formed at day 3, and they were further cultured for the indicated periods (3, 5, or 7 day) to assess their bioactivities. MSC spheroids were identified and measured using the visual inspection microscope (Olympus, Tokyo, Japan).

Western blot analysis
---------------------

Monolayer and spheroid MSCs were lysed, and total cellular protein was extracted using RIPA lysis and extraction buffer (Thermo Scientific, Rockford, IL, USA). Cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins were transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). Membranes were blocked with 5% skim milk, and incubated with primary antibodies against human-specific HIF-1α, vascular endothelial growth factor (VEGF), stromal cell-derived factor (SDF), hepatocyte growth factor (HGF), laminin, fibronectin, phosphor-AKT, AKT, cleaved poly (ADP ribose) polymerase-1 (PARP-1), cleaved caspase-3, and beta-actin (Santa Cruz Biotechnology, Dallas, TX, USA). This was followed by incubation with peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology). Bands were visualized using enhanced chemiluminescence reagents (Amersham Biosciences, Uppsala, Sweden) in a dark room.

Ethics statement
----------------

Experiments were performed on 8-week-old male Balb/C nude mice (Biogenomics, Seoul, Korea, <http://www.orient.co.kr>). Mice were maintained under a 12 h light/dark cycle, in accordance with the regulations of Soonchunhyang University, Seoul Hospital. All procedures were performed in accordance with the policies of the Institutional Animal Care and Use Committee of Soonchunhyang University, Seoul Hospital, Korea (IACUC2013-5).

Spheroid transplantation in a murine hindlimb ischemia model
------------------------------------------------------------

To induce ischemia and oxidative stress, a hindlimb ischemia model was used as previously described with minor modifications ([@b27-bt-24-260]; [@b19-bt-24-260]). Ischemia was induced by ligation of the proximal femoral artery and boundary vessels of the mice. No later than 6 h after operation, PBS, monolayer-cultured MSCs, and spheroid-cultured MSCs were injected intramuscularly into the ischemic thigh sites (1×10^7^ cells/60 μl PBS per mouse). Cells were injected into multiple (four) ischemic sites. Three days post-operation, proliferation of transplanted MSCs was investigated via immunohistochemistry.

Immunohistochemistry
--------------------

Ischemic thigh tissues were removed at 3 days post-operation, and fixed with 4% paraformaldehyde (Affymetrix, Santa Clara, CA, USA). Tissue samples were embedded in paraffin. Immunofluorescent staining was performed using primary antibodies against proliferating cell nuclear antigen (PCNA; Santa Cruz Biotechnology) and human nuclear antigen (HNA; Millipore). Secondary antibodies used were conjugated to Alexa 488 and Alexa 594 (Thermo Scientific). Nuclei were stained with 4̓,6-diaminido-2-phenylindol (DAPI; Vector Laboratories, Burlingame, CA, USA). Immunostained samples were assessed by confocal microscopy (Olympus).

Statistical analysis
--------------------

All data are expressed as mean ± standard error of the mean (SEM). Statistical significance was assessed with Student's *t* test, where differences with *p*\<0.05 were considered significant.

RESULTS
=======

Formation of MSC spheroids in suspension cultures
-------------------------------------------------

To generate MSC spheroids in order to mimic the *in vivo* microenvironment, including cell-to-cell interactions and ECM organization, single MSCs dissociated from the monolayer culture were placed in suspension cultures in ultra-low attachment dishes. After an incubation period of 3 days, single MSCs spontaneously assembled into spheroids. MSC spheroids cultured for three days had an average diameter of approximately 40 μm ([Fig. 1A, B](#f1-bt-24-260){ref-type="fig"}). Morphologically, they appeared spherical or slightly oblong. To determine whether sizes of MSC spheroids increase in a time-dependent manner, MSC spheroids were cultured for a prolonged period (3, 5, and 7 days). As was expected, the average diameter of MSC spheroids increased with time ([Fig. 1A, B](#f1-bt-24-260){ref-type="fig"}). To determine whether the generation of spheroids induced adhesion, migration, and cytological changes in MSCs, MSC spheroids were re-cultured as a 2D monolayer culture in attachment dishes. While they reattached to the surface of dishes, cell adhesion, migration, and morphology were preserved in the MSC spheroids ([Fig. 1C](#f1-bt-24-260){ref-type="fig"}).

Production of angiogenic cytokines from MSC spheroids
-----------------------------------------------------

To assess the expression of angiogenic cytokines in MSC spheroids, protein expression of VEGF, SDF, and HGF were investigated in monolayer MSCs and spheroid MSCs (incubated for 3, 5, and 7 days). Western blot assays indicated that the expression of angiogenic cytokines in spheroid-cultured MSCs increased a time-dependent manner and was significantly higher than that in other MSCs following culture for seven days ([Fig. 2](#f2-bt-24-260){ref-type="fig"}).

Augmentation of ECM preservation in MSC spheroids
-------------------------------------------------

Anoikis is apoptosis induced by the loss of interaction between the cell and the ECM. To investigate ECM preservation in MSC spheroids, ECM components, including laminin and fibronectin, in monolayer MSCs and MSC spheroids were measured by western blot analysis. MSC spheroids demonstrated better preservation of laminin and fibronectin than did monolayer MSCs ([Fig. 3](#f3-bt-24-260){ref-type="fig"}).

Inhibition of anoikis in MSC spheroids
--------------------------------------

To explore the inhibitory effect of spheroid culture on anoikis, AKT phosphorylation, which is associated with cell survival signal pathway, was assessed by western blot analysis. AKT phosphorylation was significantly higher in MSC spheroids cultured for seven days than in monolayer MSCs and MSC spheroids cultured for three days ([Fig. 4A, B](#f4-bt-24-260){ref-type="fig"}). To confirm that anoikis was indeed induced by a lack of cell-to-ECM interactions in MSCs, phosphorylation of AKT and expression of pro-apoptotic factors, including PARP-1 and caspase-3, were investigated in trypsinized MSCs, scraped MSCs, and MSC spheroids cultured for seven days. Phosphorylation of AKT was significantly up-regulated and expression of pro-apoptotic factors was significantly down-regulated in MSC spheroids, as compared with those in trypsinized MSCs ([Fig. 4C--F](#f4-bt-24-260){ref-type="fig"}). The extent of AKT phosphorylation and expression of pro-apoptotic proteins were similar in both MSC spheroids and scraped MSCs with preserved ECM components.

Enhanced proliferation of MSCs in ischemic tissue by transplanted spheroids
---------------------------------------------------------------------------

To determine whether MSC spheroids improve cell proliferation in mouse ischemic limb sites, proliferation of monolayer MSCs and MSC spheroids in ischemic tissues were analyzed using a mice hindlimb ischemia model. At post-operative day three, immunofluorescent staining was performed to examine the expression of the proliferation marker PCNA in ischemic tissues transplanted with monolayer MSCs or MSC spheroids. Expression of PCNA was higher in ischemic tissues transplanted with MSC spheroids than in tissues transplanted with monolayer MSCs ([Fig. 5A](#f5-bt-24-260){ref-type="fig"}). Furthermore, immunofluorescent staining for PCNA and HNA in ischemic tissues also confirmed that proliferation of MSCs was significantly higher in tissues transplanted with MSC spheroids than in tissues transplanted with monolayer MSCs ([Fig. 5B](#f5-bt-24-260){ref-type="fig"}).

DISCUSSION
==========

MSCs are extensively used as a source of cells for a wide variety of diseases, including graft-versus-host disease ([@b23-bt-24-260]), type 1 diabetes ([@b14-bt-24-260]), and inflammatory bowel disease ([@b16-bt-24-260]). MSCs derived from adult tissues contain a heterogeneous subset of stromal cells that retain the capacity to adhere to plastic dishes, form colonies, differentiate into multiple lineages, modulate immune responses, and reduce inflammation ([@b11-bt-24-260]). MSCs can be isolated from the stromal fraction of various postnatal tissues. Although they are usually extracted from the bone marrow, adipose tissue is the most attractive source for clinical applications. Adipose tissue is more easily accessible than the bone marrow, and the extraction process is less invasive. In addition, bone marrow-derived MSCs are a rare population, and their numbers decline with age and health status. Moreover, applications using embryonic stem cells and induced pluripotent stem cells are limited by ethical considerations and unforeseen immaturity, respectively ([@b35-bt-24-260]; [@b22-bt-24-260]). Therefore, human adipose-derived MSCs represent an attractive source for stem cell-based therapies in several ischemic diseases, including myocardial infarction, stroke, and limb ischemia due to their biological and practical advantages.

Despite these advantages, the retention of transplanted MSCs at injured sites is usually limited due to the harsh conditions of the diseased target tissues, such as ischemia, hypoxia, poor supply of nutrients, and inflammatory reactions from host cells. To address this issue, several studies tried to transplant genetically modified MSCs, pretreated MSCs with cytokines, and MSCs preconditioned under hypoxia in order to enhance graft preservation and therapeutic efficacy ([@b26-bt-24-260]; [@b18-bt-24-260]; [@b33-bt-24-260]). However, these efforts were unable to solve problems such as lack of cell-cell interactions, disruption of the natural niche conditions, and apoptosis during the preparation steps ([@b17-bt-24-260]). Recently, a series of studies demonstrated that MSC spheroids can be used as a novel delivery system to improve graft survival ([@b30-bt-24-260]; [@b9-bt-24-260]). Spheroid culture enhanced the expression of stem cell-related genes, multipotent differentiation capacity, secretion of angiogenic, anti-apoptotic, and anti-inflammatory molecules, up-regulation of hypoxia-adaptive signals, and preservation of ECM components ([@b39-bt-24-260]; [@b3-bt-24-260]; [@b25-bt-24-260]; [@b42-bt-24-260]; [@b37-bt-24-260]; [@b40-bt-24-260]). Although several studies have shown that MSC spheroids have enhanced bioactivities, these studies only confirmed the beneficial effects in short-term culture (generally 1--3 days), and the functional improvements in MSC spheroids due to culture duration and spheroid size are still unknown. In the present study, we investigated long-term three-dimensional spheroid culture of MSCs until 7 days and demonstrated that spheroid culture increased the expression of angiogenic cytokines such as VEGF, SDF, and HGF, as well as ECM components such as laminin and fibronectin, in adipose-derived MSCs in a culture time- and spheroid-size-dependent manner. Moreover, augmentation of angiogenic cytokines and preservation of ECM components led to inhibition of apoptosis and increase in cell proliferation.

Following a seven-day incubation period, adipose-derived MSC spheroids showed maximal expression of HIF-1α and hypoxia-induced angiogenic cytokines including VEGF, SDF, and HGF. Previous studies have demonstrated that hypoxic conditions trigger the expression of hypoxia-responsive genes involved in migration and angiogenesis, such as VEGF, SDF-1α, and CXCR4 ([@b7-bt-24-260]; [@b29-bt-24-260]). In addition, human adipose-derived stromal cell spheroids stimulated the secretion of VEGF, FGF2, and HGF ([@b4-bt-24-260]). These factors are key angiogenic cytokines and are induced by hypoxic conditions ([@b31-bt-24-260]). Our findings show that formation of spheroids induced mild hypoxic conditions, resulting in the expression of hypoxia-induced survival factors such as HIF-1α and SDF, as well as angiogenic factors such as VEGF and HGF.

We also demonstrated that the expression of pro-apoptotic proteins was inhibited and cell survival signals were increased in MSCs in spheroids. In the present study, MSC spheroids showed significantly increased expression of ECM molecules, such as laminin and fibronectin, as compared with monolayer MSCs. In contrast to the general 2D culture system, spheroid cultures augment cell-to-cell contact and cell-to-ECM interactions. This environment highly influences the bioactivities and fate of cells by regulating cell-to-cell or ECM signal transduction, resulting in enhanced cell survival. We demonstrated augmented AKT phosphorylation, a cell survival signal, in MSCs in spheroids. These MSCs also showed decreased expression of cleaved PARP-1 and cleaved caspase-3, which are pro-apoptotic molecules. One reason for apoptosis is the loss of ECM components from cells, also known as anoikis ([@b15-bt-24-260]). Our data show that survival signals are significantly enhanced in MSC spheroids, as compared with trypsinized MSCs and MSC spheroids that were similar to scraped MSCs. In particular, this effect was maximal after seven days of culture. In addition, we transplanted MSC spheroids in a murine hindlimb ischemia model. Proliferation of MSCs was markedly increased in transplanted spheroid MSCs as compared with that in monolayer MSCs. A previous study demonstrated in a myocardial infarction model that human umbilical cord blood-derived MSC spheroids show enhanced proliferative activity ([@b24-bt-24-260]). Human adipose-derived stromal cell spheroids also showed enhanced survival ratio in a murine hindlimb ischemia model ([@b4-bt-24-260]). Our results suggest that spheroid culture augmented the survival and proliferative capacity of MSCs via regulation of ECM and expression of survival proteins.

Taken together, our findings show that 3D spheroid culture improved the secretion of angiogenic factors, expression of ECM molecules, activation of survival signals, and inhibition of apoptotic proteins in MSCs, resulting in enhanced proliferative ability of transplanted cells *in vivo*. Moreover, we report, for the first time, that these benefits are correlated to the duration of culture and the size of spheroids. These findings indicate that use of adipose-derived MSC spheroids may be an efficient and suitable strategy for clinical application in regenerative medicine.
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![Formation of three-dimensional MSC spheroids and morphological analysis for adhesion capacity. (A) Phase contrast microscopy showing the time course of adipose-derived MSC spheroid formation over 7 days (magnification ×40). (B) Sizes of spheroids generated by adipose-derived MSCs for 3, 5, and 7 days. Values represent means ± SEM. ^\*^*p*\<0.05 and ^\*\*^*p*\<0.01 vs. MSC spheroids cultured for 3 days. (C) Assessment of adhesion and morphology of MSC spheroids at 0, 3, 6, 18, and 24 h *in vitro*.](bt-24-260f1){#f1-bt-24-260}

![Expression of hypoxia-induced angiogenic cytokines in MSC spheroids. (A) Western blot analysis for hypoxic inducible factor-1α (HIF-1α), vascular endothelial growth factor (VEGF), stromal cell derived factor (SDF), and hepatocyte growth factor (HGF) in monolayer MSCs and MSC spheroids cultured for 3, 5, and 7 days. (B-E) Relative expression of HIF-1α, VEGF, SDF, and HGF normalized to that of β-actin. Values represent means ± SEM. ^\*\*^*p*\<0.01 vs. monolayer MSCs.](bt-24-260f2){#f2-bt-24-260}

![Expression of extracellular matrix (ECM) components in MSC spheroids. (A) Western blot analysis for ECM components, including laminin and fibronectin in monolayer MSCs and MSC spheroids cultured for 7 days. (B, C) Relative expression of laminin and fibronectin normalized to that of β-actin. Values represent means ± SEM. ^\*\*^*p*\<0.01 vs. monolayer MSCs.](bt-24-260f3){#f3-bt-24-260}

![Apoptosis-associated signals in MSCs spheroids. (A) Western blot analysis for phosphorylation of AKT in monolayer MSCs and MSC spheroids cultured for 3, 5, and 7 days. (B) Relative expression of phosphorylated AKT normalized to total-AKT expression. Values represent means ± SEM. ^\*\*^*p*\<0.01 vs. monolayer MSCs. (C) Western blot analysis for AKT phosphorylation and expression of cleaved PARP-1 and cleaved caspase-3 in trypsinized MSCs, scraped MSCs, and MSC spheroids cultured for 7 days. (D--F) Relative expression of phosphorylated AKT was normalized to total-AKT expression; Expression of cleaved PARP-1 and cleaved caspase-3 was normalized to that of β-actin. Values represent means ± SEM. ^\*\*^*p*\<0.01 vs. trypsinized MSCs.](bt-24-260f4){#f4-bt-24-260}

![Proliferation of MSC spheroids *in vivo*. (A) Immunofluorescent staining of proliferating cell nuclear antigen (PCNA; green) in murine ischemic limb sites 3 days after transplantation of monolayer MSCs and MSC spheroid cultured for 7 days (scale bar=50 μm). Bar graph shows the number of PCNA-positive cells 3 days after transplantation. Values represent means ± SEM. ^\*\*^*p*\<0.01 vs. monolayer MSCs. (B) Immunofluorescent staining of PCNA (green) and human nucleic antigen (HNA; red) in murine ischemic limb site at 3 days after transplantation of monolayer MSCs and MSC spheroids cultured for 7 days (scale bar=50 μm). Bar graph shows the number of PCNA and HNA double-positive cells 3 days after transplantation. Values represent means ± SEM. ^\*\*^*p*\<0.01 vs. monolayer MSCs.](bt-24-260f5){#f5-bt-24-260}
